patients with IE, cardiac CT has shown good performance at detecting vegetation and perivalvular extension. 7, 8 The accuracy and usefulness of TEE or CT in diagnosing IE and related complications have not well been studied, especially with 3D reconstruction images. The purpose of this study is to investigate the diagnostic performance of cardiac CT for detecting vegetation and cardiac complications in patients with IE in the era of 3D imaging.
Methods

Study Population
The data that support the findings of this study are available from the corresponding author on reasonable request. A total of 75 patients with definite IE according to modified Duke criteria 9 who underwent TTE, TEE, and cardiac CT within 3 days at the Severance Cardiovascular Hospital, Yonsei University (Seoul, Korea), from January 2008 to December 2015 were retrospectively analyzed. Clinical data, microbiology, and surgical findings were collected from electronic medical records. This study was approved by our institutional ethics committee and complied with the Declaration of Helsinki. Written informed consent was waived because of the retrospective nature of the study.
Patient records and information were anonymized and deidentified before analysis.
Echocardiography
All subjects underwent standard 2-dimensional and Doppler measurements as per recommendations of the American Society of Echocardiography guidelines using commercially available equipment. 10 Comprehensive evaluations were performed for valve and ventricular function and echocardiographic findings of IE. TEE was performed by expert cardiologists using a Philips iE33 ultrasound system and an X7-2t transesophageal transducer (Philips Medical Systems, Andover, MA). 3D reconstruction was applied at the examiner's discretion to enhance anatomic understanding of adjacent structures. Comprehensive examination was completed to detect the presence of vegetation, valve perforation, valve aneurysm, perivalvular abscess, pseudoaneurysm, fistula, or dehiscence of a prosthetic valve using routine and modified views. 
Cardiac CT
All CT scans were performed with a dual-source CT scanner (SOMATOM Definition Flash; Siemens Healthcare, Forchheim, Germany) or a 64-slice multidetector CT (Somatom Sensation 64; Siemens Medical Solution, Erlangen, Germany). Scans were retrospectively performed with electrocardiographically gated data acquisition mode. All CT scans were performed with the triple-phase injection method (70 mL of iopamidol followed by 30 mL of 30% blended iopamidol with saline solution and 20 mL of saline solution at 5 mL/s). From raw data sets, images were generated using filtered back projection. Image reconstruction was performed with a medium kernel (I36f or b36f), and the reconstruction slice thickness was 0.75 mm, with 0.5 mm increments between slices. For all patients, 10 transverse data sets were reconstructed for every 10% of the cardiac cycle (0%-90%). Reconstructed images were transferred to an image server and analyzed with dedicated 3D software (Aquarius iNtuition, version 4.4.11; TeraRecon, Inc, San Mateo, CA). All CT analyses were independently performed by 2 radiologists blinded to clinical information, TTE and TEE results, and CT analysis results of the other reader. When disagreement in CT analysis was observed between CT readers, the final decision was made through a consensus reading.
IE-Related Findings on TEE and Cardiac CT
Definitions of IE-related complications are summarized in Table 1 as defined in previous studies with modification. 2, 8, 11, 12 The presence of vegetation from TEE and cardiac CT was determined from multiplane images. Size measurements were performed on the frame presenting the largest vegetation diameter from each modality. The rate of vegetation detection was calculated for both TEE and CT in overall patients, who were further categorized into subgroups of large vegetation (≥10 mm) and small vegetation (<10 mm) to consider the risk of systemic embolization. Correlation of size measurements from the 2 modalities was estimated in each subgroup. 13 The presence of intracardiac complications was compared between TEE and CT. The detection rate of valve perforation, valve aneurysm, perivalvular abscess, pseudoaneurysm, intracardiac fistula, and dehiscence of a prosthetic valve was evaluated in both TEE and CT. For positive findings, agreement between the 2 modalities was estimated.
The detection rate of extracardiac embolism by cardiac CT was also evaluated within the range of images taken. In addition, the presence and severity of coronary artery disease were evaluated by cardiac CT.
Surgical Findings
Fifty-nine (78.7%) of 75 patients were referred to cardiac surgery during the initial hospitalization. Cardiac surgeons carefully evaluated the cardiac valves and perivalvular structures during the operation by direct inspection and exploration. IE-related intracardiac complications were described in the operation records. Surgical treatments were also recorded, including valve replacement, repair of infected sites, and reconstruction with patches for abscess or perivalvular leakage.
Statistical Analysis
Continuous variables are presented as mean±SD, and categorical variables are expressed as percentage. Agreement between TEE and cardiac CT was tested with Cohen κ statistics.
14 Bland-Altman plot was used to depict the mean value of TEE and CT measurements, as well as their differences. Pearson correlation coefficients were used to compare the magnitude of the association between vegetation size by CT and TEE for larger versus smaller sizes. A value of P<0.05 was considered significant. All statistical analyses were performed using SPSS v. 18.0 (SPSS, Inc, Chicago, IL).
Results
Baseline Characteristics
Clinical, functional, and microbiological characteristics of patients are shown in Table 2 . Mean age was 58.2±15.0 years, and 70.7% of patients were men. The most commonly affected site was the mitral valve, and 17.3% of patients had an infected prosthetic valve. Thirty-four patients (45.3%) were negative on blood cultures. Fifty-nine (78.7%) of the 75 patients were referred for cardiac surgery.
TEE and Cardiac CT
Representative images comparing TEE and cardiac CT findings with 3D reconstruction are illustrated in Figures 1  and 2 . Both TEE and cardiac CT showed similar images for anatomic abnormalities with the assistance of color Doppler for TEE and contrast filling for CT. Disagreement cases of intracardiac fistula and abscess were also shown in Figure 3 .
Vegetation
The overall detection rate of vegetation with TEE (97.3%) was higher than with CT (72.0%). Correlation of size measurements was estimated in 54 patients who showed vegetation with both modalities (Figure 4) . The maximum sizes of vegetation identified by TEE and CT were well correlated (r=0.593; 
Intracardiac Complications
The detection rates of IE-related intracardiac complications are presented in Table 3 . Both modalities showed fair diagnostic performance for detecting IE-related intracardiac complications, with excellent agreement for valve perforation, valve aneurysm, pseudoaneurysm, intracardiac fistula, and prosthetic valve dehiscence (94.7%, 100%, 100%, 98.7%, and 100%, respectively). For detecting perivalvular abscess, both modalities showed lower agreement than that of other intracardiac complications, but the absolute agreement was still considered fair (90.7%). Table 4 demonstrates patients who had disagreement between TEE and CT by comparison with surgical findings as the standard reference. For detecting valve perforation or intracardiac fistula, TEE was better than CT. However, CT showed better diagnostic performance than TEE in terms of perivalvular abscess when the results were compared with surgical findings.
Extracardiac Complications
Extracardiac findings, including coronary artery disease and extracardiac embolism, can also be detected by cardiac CT. In our patient population, coronary artery evaluation was available in all patients, and cardiac CT additionally detected 4 extracardiac emboli (5.3%; 1 pulmonary and 3 splenic).
Discussion
The principal findings of this study are that (1) vegetation sizes measured by TEE and cardiac CT are well correlated, especially for large vegetation suggestive of a high risk of systemic embolism; (2) with the guidance of 3D reconstruction images, intracardiac complications showed excellent agreement by both modalities in native and prosthetic valve IE with relatively lower but fair agreement for perivalvular abscess detection; (3) when the 2 modalities disagree, TEE was more useful for diagnosing valve perforation and intracardiac fistula, whereas CT was better for diagnosing perivalvular abscess; (4) additional benefits of cardiac CT were evaluation of coronary artery disease and detection of pulmonary or upper abdominal septic emboli.
Accurate diagnosis and measurement of vegetation is crucial when performing imaging techniques in patients suspected to have IE. 2 Detection of intracardiac complications is also important for establishing a proper therapeutic plan and improving outcome. In this respect, TEE has been considered the first-line imaging modality with good sensitivity and specificity. Recent advancements of 3D echocardiography further enhanced our understanding of complicated intracardiac structures and provided a more precise anatomic viewpoint for surgeons. [3] [4] [5] [6] Cardiac CT with TEE has been used as a multimodality imaging strategy with good performance for diagnosing IE. 7, 8, 15 Application of 3D reconstruction of CT images using dedicated software allows more accurate information on IE. Adding 3D images over conventional diagnostic methods compensates for weaknesses and enhances the use of TEE and cardiac CT.
TEE has the advantage of superior temporal resolution to detect small oscillating material and excellent diagnostic ability to detect vegetation. In this study, TEE was superior at detecting vegetation. Nevertheless, vegetation size was well correlated between TEE and cardiac CT, especially when it was >10 mm, which is the lower cutoff value for surgical intervention.
The agreement for detecting intracardiac complications between the 2 modalities was 100% for valve aneurysm, Compared with conventional 2-dimensional-dependent TEE and cardiac CT, the addition of 3D reconstruction in evaluation of IE has many benefits. First, valvular anatomic features and surrounding structures can be evaluated more precisely. Cardiac valves constantly move and have complicated relationships with adjacent structures during the cardiac cycle. Application of 3D images provides better understanding of vegetation location and intracardiac complications in relation to other structures. 4, [16] [17] [18] [19] [20] [21] Second, 3D quantification of valve regurgitation can improve the accuracy of grading eccentric valve regurgitation. [17] [18] [19] [22] [23] [24] [25] [26] [27] [28] This is especially important for small vegetation with moderate valve regurgitation before the decision to perform surgery. Third, presurgical planning is easily performed using realistic 3D information. Application of recent 3D printing technologies allows more precise planning, which might improve surgical outcomes. 29, 30 Although it is definite that the diagnostic performance of TEE and CT is better than TTE owing to superior resolution, the benefits of TTE still exist. It is a noninvasive modality with no need of contrast injection nor radiation. TTE can be performed easily and repeatedly at the bedside. Therefore, it can be widely used not only in case of suspicious of IE, but also as a means of evaluating the effect of medical treatment. Hemodynamic study using color Doppler and spectral Doppler is also a strong point of TTE. 3D reconstruction can further improve diagnostic power. Physicians should not neglect the role of TTE as a primary screening and follow-up imaging modality when dealing with patients with IE.
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Study Limitation
First, this study was retrospective in design, causing inherent potential limitations. Second, this study enrolled patients who underwent TTE, TEE, and cardiac CT within 3 days. Therefore, surgical treatment was not performed in all patients. Most patients who did not receive surgical treatment were not in sufficient condition or had only a small vegetation that did not indicate surgical treatment. We used surgical finding and IE team decision as a standard reference. Most patients underwent surgery (78.7%), and surgical findings with IE team approach (consist of valve specialized cardiologist, cardiac radiologist, and cardiac surgeon) seem sufficient to set up a gold standard and to compare differences between the 2 modalities. Third, the advantage of CT might be devaluated when using 10-mm size criteria of vegetation. However, this can be compensated owing to its superior spatial resolution. Coronary evaluation and diagnosis of extracardiac embolization are another benefit by CT, which can influence on further therapeutic plan. Therefore, multimodality imaging with 3D reconstruction in the diagnosis of IE might be an ideal complementary strategy as in line with the recent modified criteria.
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Conclusions
Cardiac CT shows comparable diagnostic performance with TEE for large vegetation and IE-related complications. TEE is better for detecting small vegetation, valve perforation, and intracardiac fistula, whereas CT is more useful for detecting perivalvular abscess and coronary artery disease. 3D reconstruction images were useful to localize vegetation and 
